The characterization methods used in the analysis of the chemical structure, microstructure and morphology, as well as the physical properties, of the chromatographic support are varied. This paper will focus on some techniques often used for the investigation of polymer/silica stationary phases. Many of these techniques are specific for characterization of particular properties of phases, and the properties of phases are also discussed correspondingly. To fully understand structure-property relationships, several characterization techniques are presented. ♣
INTRODUCTION
A great variety of stationary phases is available to analyze an even larger array of compounds. Stationary phases in which organic moieties (alkyl chains, aryl, amine, cholesterolic, phospholipids, phenol groups, etc.) are grafted onto a silica surface are the most popular. Sometimes the stationary phases themselves must be characterized, such as for quality control purposes. Often it is difficult to interpreting chromatographic data, because columns produced by the same manufacturer should be "identical", they exhibit different chromatographic properties. Determining the structure and properties of new stationary phases is also extremely important so that the retention mechanism, which plays a significant role in selectivity, can be described accurately. Chromatographic separation occurs because of the differences in the affinities of solute molecules for the stationary phase [1, 2] .
Huge evolution in column testing and characterization and the precise control of the modification process permit the design of new, intelligent stationary phases. Traditional hydrophobic stationary phases are popular and useful, but the new challenges of analytical chemistry require more selective materials. Recently, materials with a diffusion barrier (e.g. polar groups in hydrophobic chains) and mixed phases containing various functional groups have become the newest solutions. Such stationary phases are derivatives of amino materials and are used for chromatographic separation, but also as specific support for bonding biological compounds like cholesterol and phospholipids [3] [4] [5] [6] . Therefore, in order to better understand a particular physical process, taking place within a porous medium, it is necessary to fully characterize the various properties of porous materials like internal geometry, size, shape, connectivity, etc. [7, 8] .
The characterization methods used in the analysis of the chemical structure, microstructure and morphology, as well as the physical properties, of the chromatographic support are varied. This paper will focus on some techniques often used for the investigation of polymer/silica stationary phases. Many of these techniques are specific for characterization of particular properties of phases, and the properties of phases are also discussed correspondingly. To fully understand structure-property relationships, several characterization techniques are presented.
GENERAL DEFINITIONS AND TERMINOLOGY OF ADSORPTION PHENOMENON
Adsorption (in the present context, positive adsorption at the gas/solid interface) is the enrichment of one or more components in an interfacial layer. Physisorption (as distinct from chemisorption) is a general phenomenon: it occurs whenever an adsorbable gas (the adsorptive) is brought into contact with the surface of a solid (the adsorbent). The intermolecular forces involved are of the same kind as those responsible for the imperfection of real gases and the condensation of vapours. In addition to the attractive dispersion forces and the short range repulsive forces, specific molecular interactions (e.g. polarisation, field-dipole, field gradient-quadrupole) usually occur as a result of particular geometric and electronic properties of the adsorbent and adsorptive.
It is convenient to regard the interfacial layer as comprising two regions: the surface layer of the adsorbent (often simply called the adsorbent surface) and the adsorption space in which enrichment of the adsorptive can occur. The material in the adsorbed state is known as the adsorbate, as distinct from the adsorptive, i.e. the substance in the fluid phase which is capable of being adsorbed.
When the molecules of the adsorptive penetrate the surface layer and enter the structure of the bulk solid, the term absorption is used. It is sometimes difficult, impossible or irrelevant to distinguish between adsorption and absorption: it is then convenient to use the wider term sorption which embraces both phenomena and to use the derived terms sorbent, sorbate and sorptive.
The term adsorption may also be used to denote the process in which adsorptive molecules are transferred to, and accumulate in, the interfacial layer. Its counterpart, desorption, denotes the converse process, in which the amount adsorbed decreases. Adsorption and desorption are often used adjectivally to indicate the direction from which experimentally determined adsorption values have been approached, e.g. the adsorption curve (or point) and the desorption curve (or point). Adsorption hysteresis arises when the adsorption and desorption curves do not coincide [9] .
Many adsorbents of high surface area are porous and with such materials it is often useful to distinguish between the external and internal surface. The external surface is usually regarded as the envelope surrounding the discrete particles or agglomerates, but is difficult to define precisely because solid surfaces are rarely smooth on an atomic scale. A suggested convention is that the external surface be taken to include all the prominences and also the surface of those cracks which are wider than they are deep; the internal surface then comprises the walls of all cracks, pores and cavities which are deeper than they are wide and which are accessible to the adsorptive. In practice , the demarcation is likely to depend on the methods of assessment and the nature of the pore size distribution. Because the accessibility of pores may depend on the size and shape of the gas molecules, the area of, and the volume enclosed by, the internal surface as determined by gas adsorption may depend on the dimensions of the adsorptive molecules (molecular sieve effect). The roughness of a solid surface may be characterized by a roughness factor, i.e. the ratio of the external surface to the chosen geometric surface.
These limits are to some extent arbitrary since the pore filling mechanisms are dependent on the pore shape and are influenced by the properties of the adsorptive and by the adsorbent-adsorbate interactions. The whole of the accessible volume present in micropores may be regarded as adsorption space and the process which then occurs is micropore filling, as distinct from surface coverage which takes place on the walls of open macropores or mesopores. Micropore filling may be regarded as a primary physisorption process; on the other hand, physisorption in mesopores takes place in two more or less distinct stages (monolayer-multilayer adsorption and capillary condensation).
In monolayer adsorption all the adsorbed molecules are in contact with the surface layer of the adsorbent. In multilayer adsorption the adsorption space accommodates more than one layer of molecules so that not all adsorbed molecules are in direct contact with the surface layer of the adsorbent. In capillary condensation the residual pore space which remains after multilayer adsorption has occurred is filled with condensate separated from the gas phase by menisci. Capillary condensation is often accompanied by hysteresis. The term capillary condensation should not be used to describe micropore filling because this process does not involve the formation of liquid menisci [9] .
For physisorption, the monolayer capacity (n m ) is usually defined as the amount of adsorbate (expressed in appropriate units) needed to cover the surface with a complete monolayer of molecules. In some cases this may be a closepacked array but in others the adsorbate may adopt a different structure. Quantities relating to monolayer capacity may be denoted by the subscript m.
THE POROUS MEDIUM OF ADSORBENTS
Qualitative description of pores. Numerous studies attempt to categorize pores in solid materials based on defined physical frames [10] [11] [12] [13] [14] [15] , but many more examples could be found in the literature [16] [17] [18] [19] . It is difficult to give a consistent classification of porous structure in solid materials. A useful attempt, at classification based on pore origin, structure, size and accessibility to surroundings Figure 1 has been made by Kaneko [15] . Solid materials, however, have a cohesive structure which depends on the interaction between the primary particles. The cohesive structure leads indispensably to a void space which is not occupied by the composite particles such as atoms, ions, and line particles. Consequently, the state and population of such voids strongly depends on the inter-particle forces. The interparticle forces are different from one system to another; chemical bonding, van der Waals force, electrostatic force, magnetic force, surface tension of adsorbed films on the primary particles, and so on. Even the single crystalline solid which is composed of atoms or ions has intrinsic voids and defects. Therefore, pores in solids are classified into intruparticle pores and interpartide pores.
Pores can be also classified according to their accessibility to surroundings ( Figure 2 ). This category of pores are those totally isolated from their neighbours, as in region (a) which are described as closed pores. They influence such macroscopic properties as bulk density, mechanical strength and thermal conductivity, but are inactive in such processes as fluid flow and adsorption of gases. On the other hand, pores which have a continuous channel of communication with the external surface of the body, like (b) (c) (d) (e) and (f), are described as open pores. They are accessible for molecules or ions in the surroundings. Some may be open only at one end (like b) and (f) ; they are then described as blind (i.e. dead-end, or saccate) pores. Others may be open at two ends (through pores), like around (e). Pores may also be classified according to their shape: they may be cylindrical (either open (c) or blind (f)), ink-bottle shaped (b), funnel shaped (d) or slit-shaped. Close to, but different from porosity is the roughness of the external surface, represented around (g). To make the distinction, a convenient and simple convention is to consider that a rough surface is not porous unless it has irregularities that are deeper than they are wide.
Other possible classifications of pores mentioned in Kaneko's review but used also by IUPAC [17] are based on the pore geometry. According to this classification, pores are divided based upon the following geometrical shapes Figure 3 : cylinder, slit-shape, cone-shape and ink-bottle. It is almost the same as the shape classification proposed by IUPAC the difference being the funnel shaped instead of the cone-shape geometry as proposed in Kaneko's categorization.
Rhomboid, elliptical and square are the other types of pore shapes, which are reported in literature. For simplicity and mainly due to the irregularity in geometry, the pores' shape is often based on model systems. Pore modeled systems are preferably described in terms of different geometric bodies like cylinders (this may be the case for activated oxides like alumina or magnesia), prisms (some fibrous zeolites), cavities and windows (other zeolites), slits (possible in clays and activated carbons), or spheres (although, most often, the pores are, on the contrary, the voids left between solid spheres in contact with each other, as it happens with gels: silica gel, zirconia gel, etc. [17] . Combination of these forms in pore categorization and their modeling is also used in pore description depending on the arrangement of structural elements. Model development and its application is based on several criteria for full description of porous system such as in terms of geometry, pore size, orientation, location and type of connectivity. Pore size categories. The classification of pores is an important topic. Porous materials with the same apparent porosity, but with pores of different size and geometry react in a different way under the same conditions. Taking these into consideration, questions regarding classification of pores based on sizes have risen.
The pore size is a property of major importance in practical applications of porous materials, but it is even less susceptible to precise definition. Pore size has a precise meaning when the geometrical shape of the pores is well defined and known [10, 17] (e.g. cylindrical, slit-shaped, etc). There are various categories of pore sizes described in the literature. A summary of the most frequently used pore size classifications is presented in Table 1 . It is difficult to give a consistent classification due to differences mainly in ranges of giga-, macro-, meso-and micropores, which are still a subject of intensive discussions [12, 13, 15, 16] . Origin of pore structures. Some porous materials are consolidated, existing as relatively rigid, macroscopic bodies whose dimensions exceed those of the pores by many orders of magnitude; they may be called agglomerates. Others are unconsolidated, being nonrigid, more-or-less loosely packed assemblages of individual particles; they may be called aggregates. The particles themselves may be nonporous (e.g. sand), and therefore surrounded by a network of interparticle voids, with properties dependent only on the size, shape and manner of packing of the constituent particles. In other cases (e.g. spray-dried catalysts) the particles themselves may be significantly porous, and it may then be necessary to distinguish between internal (or intraparticle) voids, and interparticle voids. In general, internal pores will be smaller, both in size and in total volume, than the voids between particles; nevertheless, they will often provide the dominant contribution to the surface area of the solid [20] . The distinction between consolidated and unconsolidated materials is not always clearcut. Indeed, the two forms are aften interconvertible for example, by grinding of the former, and by sintering of the latter. Nevertheless, it is the characterization of consolidated porous solids which usually attracts most attention, because it lends itself, more easily, to reproducibility.
Schematically, one can distinguish four main routes for the formation of consolidated porous materials:
• Crystallisation leading to the highly regular network of a zeolitic, porous, structure, or to a porous clay mineral; • Agglomeration of small particles, like in inorganic gels: this is a constitutive process, where the final structure depends mainly on the original arrangement and size of the primary particles; Quantitative description of pore structures. Porosity may be defined as the fraction n of the apparent volume of the sample which is attributed to the pores detected by the method used: n = V p /V. The value of this fraction depends on the method used to determine the apparent volume V, which excludes interparticle voids (geometrical determination, fluid displacement) and on that used to assess the pore volume V p (adsorption and capillary condensation, fluid displacement, ultrasonics, etc.). Some method indeed, have only access to open pores (i.e. the methods using a fluid) whereas others may also have access to closed pores (i.e. methods using a radiation). Moreover, for a given method, the value depends on the size of the molecular probe (fluid displacement, adsorption) or of the yardstick (stereology). Thus, a recorded value of porosity can be expected to reflect not only a physical property of the material, but also the experimental method used for its determination [20] . The pore volume V p used in the above relationship may be either that of the open pores (leading to the open porosity) or that of the closed pores (leading to the closed porosity) or that of both types of pores together (leading to the total porosity).
The specific surface area (S BET ) is defined as the accessible (or detectable) area of solid surface per unit mass of material. It is similarly dependent on the method and experimental conditions employed, and on the size of the probe used (e.g. adsorbate molecular size, wavelength of radiation, etc.). However, since the interpretation of such measurements usually relies on simplified models of the processes concerned, the recorded value may further depend on the validity of the assumptions inherent to the model.
The pore size is a property of major importance in practical applications of porous materials, but it is even less susceptible to precise definition. The problems already mentioned for the specific surface area are complicated by the fact that the pore shape is usually highly irregular and variable, leading to a variety of definitions of "the size". Moreover, pore systems usually consist of interconnected networks, and the recorded results will often depend on the sequence in which pores are encountered within the method used (e.g. mercury intrusion). For these reasons, quantitative descriptions of pore structure are often based on model systems.
Idealized systems: pore shape and size. For the sake of simplicity, the shape of pores, when known or assumed, is preferably described in terms of cylinders (which may be the case for activated oxides like alumina or magnesia), prisms (some fibrous zeolites), cavities and windows (other zeolites), slits (possible in clays and activated carbons), or spheres (although, most often, the pores are on the contrary, the voids left between solid spheres in contact with each other, as it happens with gels: silica gel, zirconia gel, etc.) [20] . The description of many real porous solids is complicated by the existence of:
• different shapes of pores in the same material,
• connections between pores, which may vary in size, shape and location, • a distribution in the size of the pores.
To describe these complexities it was necessary to introduce descriptors based upon the concepts of connectivity, percolation and tortuosity, which increased our understanding of the hysteresis phenomenon encountered in adsorption-desorption of gases or in intrusion-extrusion of mercury.
THE MAIN METHODS FOR STATIONARY PHASE POROUS NETWORK CHARACTERIZATION
Modern methods for the characterization of porous materials are probably as numerous and divers as applications of porous solids. In recent years interest has grown in a deeper understanding of surface phenomena beyond the usual description of surface area and adsorption isotherm. This has lead to an introduction of more sophisticated approaches, which allow for a study of thermodynamic and kinetic information [6] .
Advanced physico-chemical techniques such as infrared (IR) absorption spectroscopy, cross polarization/magic angle spinning solid-state nuclear magnetic resonance (CP/MAS NMR), fluorescence spectroscopy, porosimetry, elemental analysis, atomic, electron and tunnel microscopies and differential scanning calorimetry can be applied for surface characterization and better understanding of retention mechanisms [21] [22] [23] [24] [25] [26] [27] [28] [29] . Sorption of gases and vapors on a solid is a powerful tool for determining surface pore-size distribution and packing porosity [30] . Measuring the molecular weight distribution by gel permeation chromatography using a series of polystyrene standards is another possibility for estimation of the pore-size distribution. The retention volume of non-retained solutes decreases for chemically bonded stationary phases [27] . Elemental analysis provides information about the quantity of carbon, nitrogen and hydrogen by burning the sample in oxygen. The carbon content allows calculation of surface coverage according to the Berendsen equation [21] . For the case of endcapping phases [31] modified the mentioned equation [29] .
Gas adsorption/desorption isotherms.
This technique is one of the most important and extensively used methods in the characterisation (porous volume, specific surface area and pore size distribution) of porous inorganic materials [32] [33] [34] . Nevertheless, real solid/gas interfaces are complex, leading to uncertainties in the assumptions made, and different mechanisms may contribute to physisorption (e.g. monolayer-multilayer adsorption, capillary condensation or micropore filling). Consequently attention has to be paid to the problems and ambiguities arising in connection with the reporting and interpretation of physisorption data. Details of definitions and methodology on this particular technique is given in Ref. [35] . The most widely utilized method for determination porosity is the nitrogen adsorption/desorption technique or BET method. In this method, the amount adsorbed gas is measured. Nitrogenadsorption techniques can, in principle, coarsely distinguish various pore shapes by the shape of the isotherms.
The adsorption and desorption isotherms of an inert gas (classically N 2 at 77 K) on an outgassed sample are determined as a function of the relative pressure (p rel = p/p 0 , i.e. the ratio between the applied pressure and the saturation pressure. The adsorption isotherm is determined by measuring the quantity of gas adsorbed for each value of p/p 0 by a gravimetric or a volumetric method (less accurate but simpler). A surface acoustic wave device can also be used as a mass sensor or microbalance in order to determine the adsorption isotherms of small thin films samples (only 0.2 cm 2 of sample are required in the cell) [32, 36, 37] . The adsorption isotherm starts at a low relative pressure. At a certain minimum pressure, the smallest pores will be filled with liquid nitrogen. As the pressure is increased still further, larger pores will be filled and near the saturation pressure, all the pores are filled. The total pore volume is determined by the quantity of gas adsorbed near the saturation pressure. Desorption occurs when the pressure is decreased from the saturation pressure. The majority of physisorption isotherms may be grouped into six types [35] . Due to capillary condensation, many mesoporous systems exhibit a distinct adsorption-desorption behaviour which leads to characteristic hysteresis loops (Type IV and V isotherms) whose shape is related to pore shape. Type I isotherms, characterized by a plateau at high partial pressure, are characteristic of microporous samples. A typical isotherm, representative of a mesoporous sample is given in Figure 4 with a schematic representation of the adsorption steps.
Mesopore size calculations are usually made with the aid of the Kelvin equation in the form
with ƒ is the geometrical factor depending on the shape of the meniscus formed by the liquid in the capillary (ƒ = 1 for slit-shaped pores, ƒ = 2 for cylindrical pores); γ is the surface tension of the liquid condensate at the absolute temperature T; V is the molar volume of the liquid at the absolute temperature T; and r K the Kelvin radius, dimension characteristic of the capillary (radius of a cylinder or slit width). The pore radius r p of a cylindrical pore may be calculated from
where t is the thickness of the adsorbed layer of vapour in the pores, before capillary condensation occurs (t is estimated from calibration curves with similar non-porous solids). For a parallel-sided slit, the slit width W p is given by
The Kelvin equation is useful to calculate the distributions of pore volume and area as a function of pore diameter in the mesoporous range (isotherms of Type IV). This can be performed by the BJH (Barret, Joyner and Hallenda) method which considers opened cylindrical pores and may be applied to the desorption branch. Nevertheless, the Kelvin equation is based on thermodynamic considerations which are not valid for micropores and are only valid for larger mesopores [34, 38] . Thus it is claimed that Kelvin type adsorption models overestimate micropore filling pressures and are unreliable for pore size distribution determinations below 75Å [39] . Nevertheless the method has recently been applied to considerably lower limits (1.3-1.7 nm) [15] which highlights current uncertainty and the complexity which still exists with this problem.
The oversimplified BET theory, valid for relative pressures between 0.05 and 0.35, allows the calculation of the specific surface area of solids and the estimation of the interactions between the solid and the vapour (from the value of the constant c). The BET equation is mainly applicable for Type II and IV isotherms. The specific surface area deduced from Type I isotherms has no physical meaning because the notion of a monolayer is not applicable in the case of micropores [34, 35, 40, 41] .
Classification of adsorption isotherms. The majority of physisorption isotherms may be grouped into the six types shown in Figure 5 . In most cases at sufficiently low surface coverage the isotherm reduces to a linear form (i.e. n a ∝ p), which is often referred to as the Henry's law region [9] .
The reversible Type I isotherm is concave to the p/p 0 axis and n a approaches a limiting value as p/p 0 → 1. Type I isotherms are given by microporous solids having relatively small external surfaces (e.g. activated carbons, molecular sieve zeolites and certain porous oxides), the limiting uptake being governed by the accessible micropore volume rather than by the internal surface area.
The reversible Type II isotherm is the normal form of isotherm obtained with a non-porous or macroporous adsorbent. The Type II isotherm represents unrestricted monolayer-multilayer adsorption. Point B, the beginning of the almost linear middle section of the isotherm, is often taken to indicate the stage at which monolayer coverage is complete and multilayer adsorption about to begin.
The reversible Type III isotherm is convex to the p/p 0 axis over its entire range and therefore does not exhibit a Point B. Isotherms of this type are not common, but there are a number of systems (e.g. nitrogen on polyethylene) which give isotherms with gradual curvature and an indistinct Point B.In such cases , the adsorbate-adsorbate interactions play an important role.
Characteristic features of the Type IV isotherm are its hysteresis loop, which is associated with capillary condensation taking place in mesopores, and the limiting uptake over a range of high p/p 0 . The initial part of the Type IV isotherm is attributed to monolayer-multilayer adsorption since it follows the same path as the corresponding part of a Type II isotherm obtained with the given adsorptive on the same surface area of the adsorbent in a non-porous form. Type IV isotherms are given by many mesoporous industrial adsorbents.
The Type V isotherm is uncommon; it is related to the Type III isotherm in that the adsorbent-adsorbate interaction is weak, but is obtained with certain porous adsorbents.
The Type VI isotherm, in which the sharpness of the steps depends on the system and the temperature, represents stepwise multilayer adsorption on a uniform non-porous surface. The step-height now represents the monolayer capacity for each adsorbed layer and, in the simplest case, remains nearly constant for two or three adsorbed layers. Amongst the best examples of Type VI isotherms are those obtained with argon or krypton on graphitised carbon blacks at liquid nitrogen temperature.
Most commercial instruments for the determination of the BET surface area and isotherms are either static-volumetric devices [34, 42] , dynamic gravimetric techniques [43] or continuous flow methods as described above. Nevertheless, IGC (Inverse Gas Chromatography) can be applied for the determination of an adsorption isotherm, too. The retention time is measured as a function of concentration (partial pressure). This can be done in two ways: either a single pulse (or breakthrough curve) is injected for each concentration and the retention time is determined from each peak maximum (or breakthrough point, respectively) or the same information is obtained from just one single injection. The latter is called elution of a characteristic point, ECP (for a pulse) or frontal analysis of a characteristic point, FACP (for a frontal experiment). These methods rely on the correlation between the elution boundary and the isotherm shape, which is illustrated in Figure 6 for a pulse chromatogram. Another application at low concentration is the measurement of Henry isotherms and constants. In this range the uptake is independent of the surface coverage. The isotherm, is therefore, linear and the peaks in the chromatogram are (nearly) symmetrical. This region is called the infinite dilution range and interactions with the vapour phase probe molecules occur predominantly via the high-energy sites of the solid surface. This regime is ideal for the measurement of thermodynamic parameters since they can be obtained with the highest sensitivity. The span of the infinite dilution range depends on the probe molecule and the heterogeneity of the material. Especially for polar probe molecules adsorbing on very heterogeneous surfaces non-symmetrical peaks are often observed even with the smallest injection size/concentration. This suggests that the values obtained under these conditions are not truly representing Henry conditions [44] although they are still useful for practical considerations.
Surface energy and free energy. One of the most commonly measured parameters for the description of the energetic situation on the surface of a solid is the surface energy. The surface energy is defined as the energy required to form (or increase the surface by) a unit surface under reversible conditions and is the analogue to the surface tension of a liquid. This means in practical terms that the higher the surface energy the more reactive the surface. This can affect for example catalytic activity [42, 45] or the strength of particle-particle interaction [46] . The dispersive surface energy can be obtained from a plot of the logarithm of the retention volume of a series of alkane probe molecules (multiplied by the column temperature and the gas constant) versus the product of (square root of the) liquid tension and molecular area [47] . The result is a straight line and the dispersive surface energy γ D S is calculated from the slope according to Eq. (4):
In this equation γ D L is the liquid tension of the probe molecule and a m its cross sectional area, C is a constant. The other parameters have the same meaning as above.
In order to obtain the specific energy contribution polar probe molecules need to be injected as well. If there is a considerable specific contribution points representing a polar probe are located above the straight line. The difference is equal to the specific component of the free energy of desorption ∆G SP (Eq. (5)):
Other methods use a plot of RT lnV versus the boiling point [48] , the vapour pressure [49] or the polarisability [50] . The latter approach is a thermodynamically more robust method for the determination of the specific free energy and was found to be superior for the description of adsorption of weaker polar probes on highly energetic surfaces. Nevertheless, the former calculation by Schultz is more commonly applied, probably due to its simplicity.
Surface heterogeneity. The distribution of the energy, often called surface heterogeneity is particularly important when composites are considered. By increasing the concentration, an increasing number of less active sites is involved in the interaction with the probe molecule, depending on the heterogeneity. The energy heterogeneity can be described either by the adsorption energy distribution or the adsorption potential distribution. The latter one is used here since it was found to be less affected by experimental noise and to produce more reliable results. A good description of the calculation of adsorption energy distribution functions is given in the literature [42, 51] .
The adsorption potential distribution can easily be calculated from the sorption isotherm. In order to obtain the distribution function the partial pressures are converted into the adsorption potential A according to Eq. (6):
where p is the partial pressure; p 0 , saturation pressure; R, gas constant and T S the temperature.
The distribution parameter Φ represents the first derivation of the sorbed amount n with the adsorption potential A (Eq. (7)):
The original equation included another division by the monolayer capacity to normalise the equation. However, this was not done in this application since many polar probe molecules do not necessarily form a monolayer on the surface.
Case of microporous systems. The classical methods for interpreting adsorption data rely on equations that are of uncertain validity for micropores and small mesopores mainly because of increased adsorbate-adsorbate and adsorbateadsorbent interactions. Many papers in the literature deal with this problem of characterisation of micropores from adsorption experiments [15, 32, [52] [53] [54] . Several methods have been proposed to determine the microporous volume accessible to a given gas, namely the t-plot. The simplest technique to determine a sample microporous volume is the t-method of de Boer and its extensions. This method compares the isotherms of porous solids with standard isotherms obtained with non-porous reference solids of similar composition. In the original t-method, the amount adsorbed is plotted against t which is the multilayer thickness calculated from the standard isotherm. Any deviation in shape of the given isotherm from that of the standard is detected as a deviation of the t-plot from linearity. For the assessment of microporosity, the thickness of the multilayer is. Figure 7 shows typical types of t-plot. It must be concluded that the quantitative determination of micropore size is still an ambiguous problem: new theories, models, mechanisms and simulations are still under study [55] [56] [57] . Therefore isotherm interpretations must be used carefully and can be considered as useful mainly for qualitative studies.
No reliable method has been developed for the determination of the micropore size distribution. At present the most promising approach appears to be that of pre-adsorption linked with the use of various probe molecules of known size and shape [58] [59] [60] . Furthermore effective pore sizes determined by this technique depend on the kinetic and thermodynamic properties of the adsorbate in the porous material (rate of diffusion, total porous volume, electrostatic interactions, etc.) [61, 62] . Inside the chromatographic stationary phase support is presented in Figure 8 .
The effect of formation of the porosity structure of the chromatographic support and accessibility of pores for molecules being chromatographed may be illustrated better by the infection of polystyrene standard of molecular weight from 800 to 950 000 onto columns packed with the various materials [64] . From the relationship of plot of log M w against the elution volume in gel permeation chromatography (GPC) mode in Figure 9 it appears that the exclusion range for different packings are in the sequence corresponding to the α RT values. Chemical modification of the surface causes a decrease in the exclusion limit in comparison to the starting material as well as a decrease in the elution volume V e value. Elemental analysis is one of the basic methods for evaluating stationary phases [1, 26, 63] . The quantity of carbon, nitrogen, and hydrogen can be measured directly by burning the sample in oxygen. Knowing the percentage of carbon allows the coverage density to be calculated according to the Berendsen equation [21] in which α I RP is the surface coverage density, P C is the percentage of carbon, n C is the number of carbon atoms per silane moiety, M 1 is the molar weight of silane, n x is the number of reactive groups in the silane, and S BET is the specific surface area of unmodified support. To endcap or prepare "pseudobilayer" phases, we modified this equation to
in which α II RP is the surface coverage density, P C(2) is the percentage of carbon bonded in the endcapping step, n C(1) is the number of carbon atoms in the first stage, n C(2) is the number of carbon atoms in the second stage, M 2 is the molar mass of the modifier in the endcapping process, and S BET is the specific surface area of unmodified support [26] . Unfortunately, elemental analysis does not provide information about the homogeneity of the stationary phase and should be used only as a complement to other more sophisticated analytical characterization methods. Thermal analysis (thermogravimetric analysis TGA, differential thermal analysis DTA) is a useful technique for the determination of organic ligands on the modified adsorbent surface (mainly silica gel). Thermal gravimetric analysis is one of the simplest methods for determining surface characteristics. The weight loss after burning the sample in oxygen is equal to that of the chemically bonded phase, provided that the loss of other moieties, such as water, is avoided. The results from differential thermal analysis enable calculation of the surface area ratio of bare silica to carbon-coated silica [63] .
Differential scanning calorimetry (DSC)
is also a valuable tool for characterizing chemically modified surfaces. Hansen and Callis investigated phase and structural transitions of an adsorbed film on a microporous solid surface as methanol was added [65] . Investigating the parameters characterizing the phase transition helped explain the association and dissociation of methanol with the chemically bonded chains. The shape of the DSC curve depends on the surface porosity and provides information on the structural heterogeneity of the stationary phase [26] . Enthalpy effects related to the temperature changes in water/silica gel systems can also be studied. All these experiments confirm Serpinet's observations regarding the shape and transition of chemically bonded ligands [66, 67] . Adiabatic calorimetry may also be used to estimate transition entropy and enthalpy and provide confirmation of chemically bonded moieties [68] .
Mercury porosimetry. Mercury intrusion into pores requires application of high pressure to liquid mercury, which is governed by the Young-Laplace equation.
The pressure difference ∆P between the pressure P Hg in the mercury and P g in the gas phase can be described by the surface tension γ Hg of mercury and the mean radius r m of the curvature of the meniscus. ∆P = P Hg -P g = -2γ Hg / r m (10) If the pore is a cylindrical one of radius r p and the contact angle of mercury on the solid surface is θ c , r m = r p cos θ c and the Washburn equation is obtained.
r p = -(2γ Hg cosθ c )/ ∆P (11) Therefore, we can determine the pore volume (pore size) by the extent of mercury penetration as a function of the applied pressure. In an ordinary case the assumption by Ritter and Drake has been used, i.e., γ Hg is 480 mN/m 2 and θ c is 140° [34] . Of course the contact angle depends on the physical and chemical states of the solid surfaces and the surface tension should change according to the atmosphere, Nonetheless, the assumption by Ritter and Drake is believed to be reasonable. The valid pore range for mercury porosimetry is ~ 3.5 to 1000 nm, while the molecular resolution porosimetry can only be applied to micropores or mesopores less than 30 nm.
Hysteresis in mercury porosimetry provides information on the complex pore structure such as the throat at the interconnectivity [69] . The pore size distribution dW(r p )/dr p is related to the surface fractal dimension D a by Pfeifer and Avnir [70] : dW(r p )/dr p ∝ r p 2-Da (12) Here W(r p ) is the pore volume of pores having a pore radius r p . A linear log-log plot of d W(r p ) versus r p provides D a which is in the range of 2 to 3. Hence, mercury porosimetry can determine the pore size distribution and the surface roughness at the same time; good linearity in a wide range of pore radii gives detailed information on the pore structures [71] .
Even mercury porosimetry which is believed to be a well-established method has been studied from fundamental aspects. Deformation or fracture occurrence in porous specimen due to application of high pressure, discrepancy from N 2 adsorption results, and effect of the interconnectivity must be clarified in future studies.
Water contact angle measures surface hydrophilicity by measuring how much a droplet of water spreads on a surface. The lower the contact angle, the more hydrophilic the surface is. As a surface becomes more oxidized, or has more ionizable groups introduced to it, hydrogen bonding with the water becomes more facile and the droplet spreads along the hydrophilic surface, resulting in a lower contact angle [72] .
Advancing contact angle is measured by delivering a droplet of water to the surface and recording the height and width. Receding contact angle is measured by removing water just prior to a change in droplet width and recording the resultant height. Contact angle values can then be calculated from Eq. (13) [73, 74] : tan(θ s /2) = h / x (13) in which θ s is the static contact angle, h is the droplet height, and x is half of the droplet width. Contact angle hysteresis can be calculated from Eq. (14):
in which θ a is the advancing contact angle, θ r is the receding contact angle, and CAH is the contact angle hysteresis [75] . While static contact angle is often adequate, contact angle hysteresis has been reported to correlate with quantity of hydroxyethylmethacrylate in a PMMA blend and may thus be useful in ascertaining the level of side-chain oxidation. Surface wetting free energy quantifies the ease of changing from a gas-solid to a liquid-solid bond [75] and may have relevance in assessing biocompatibility.
By taking contact angle with a range of buffered aqueous solutions varying in pH value, one can identify the surface pK a , which can be used to identify if a surface contains acidic or basic functionalities [76] . Knowing surface pK a not only helps identify the nature of the surface functional groups, but it aids in determining the proper pH for a conjugation buffer in order to optimize covalent bonding. While contact angle is a simple and rapid measure of the change of a surface's hydrophilicity, it is limited by its inability to distinguish between different hydrophilic functional groups and by the many ways error can be introduced into the measurement, including the following: difference in operator measurement, inconsistent water pH and hardness, and changes in environmental temperature and humidity.
Zeta potential. The functional groups present on a modified polymer surface can introduce a high surface charge density that is typically not present on untreated polymer surfaces. When such a charged solid surface is in contact with a liquid phase, an electrical potential develops at the interface. A double layer is established, with surface bound ionizable groups and tightly bound liquid phase ions of opposite charge forming the fixed layer, and loosely bound liquid phase ions of opposite charge forming the mobile layer. The zeta potential is the change in potential across this double layer [72, 77, 78] . Commercial zeta potential analyzers are available; bench top units can be set up as well.
The importance of the ζ -potential to so many applications in science and engineering has lead to the development of a number of techniques for measuring this quantity, based on one of the three electrokinetic effects: electrophoresis, electroosmosis, and the streaming potential. In the electrophoresis method, the ζ -potential is determined by placing fine particles in an electric field and measuring their mobility, υ E , using a suitable microscopic technique. The mobility is then related to the ζ -potential at the interface using the Smoluchowski equation [93] ,
where ε 0 and ε r are the relative dielectric constant and the electrical permittivity of a vacuum respectively, µ is the solution viscosity, r is the particle radius and κ is the Debye-Hückel parameter. This technique has been applied to characterize flat surfaces by initially grinding then into fine particles; for example, see Sanders et al. [97] . Like water contact angle and surface titration, zeta potential can be used to determine surface isoelectric points and quantify a change in surface ionizable groups [79, 80] . In developing a balloon catheter for localized drug delivery, Richey et al. used zeta potential to select a polymer and surface modification technique that would best deliver the drug at blood pH (~7.4) [81] . Zeta potential can also be used to better understand microenvironment effects on bioactive compound activity at the solid-liquid interface. Zeta potential, combined with liquid phase pH, determines electrostatic interactions between the polymer surface and the immobilized bioactive compound. These interactions then establish the kinetics between the bioactive compound and its target (metabolite, antigen/antibody, enzyme substrate, etc.) in the sample liquid [82] . It has been reported that after immobilizing an enzyme to a charged support, there can be a shift in pH optima versus that of free enzyme [83] [84] [85] . Zeta potential may also be useful in making conclusions about the mechanism of such shifts. Once a zeta potential is known, electrostatic interactions can be enhanced or diminished to some extent by varying liquid phase pH, temperature, and salt concentration [79] [80] . While useful in understanding microenvironment effects, zeta potential cannot be used to quantify the number or type of functional groups present. It must therefore be used in conjunction with other, more descriptive surface analytical tools to adequately describe changes in polymer surface chemistry.
Microscopy techniques (TEM, SEM, and AFM) are three powerful microscopy techniques to observe the morphology of support. TEM (transmission electron microscope) is a microscopy technique whereby a beam of electrons is transmitted through an ultrathin specimen and carries information about the inner structure of the specimen. It is difficult to receive details of some samples due to low contrast resulting from weak interaction with the electrons; this can partially be overcome by the use of stains such as phosphotungstic acid and RuO 4 . Sometimes the organic components of the sample would be decomposed by the electron beam; this can be avoided using cryogenic microscopy (cryo-TEM), where the specimen is measured at liquid nitrogen or liquid helium temperatures in a frozen state. High resolution TEM (HRTEM) can afford a much closer look at the samples [81] . The recent application of electron energy loss spectroscopy imaging techniques to TEM (ESI-TEM) can provide information on the composition of polymer surfaces. This is a powerful technique for the characterization of stationary phases particles.
The scanning electron microscope (SEM) is a type of electron microscope that creates images by the electrons emitted when the primary electrons coming from the source strike the surface and are inelastically scattered by atoms in the sample. SEM images have a characteristic 3-D appearance and are therefore useful for judging the surface structure of the sample [82] . Besides the emitted electrons, X-rays are also produced by the interaction of electrons with the sample. These can be detected in a SEM equipped for energy-dispersive X-ray (EDX) spectroscopy [83] . Both the SEM and EDX Si-mapping results indicated the homogeneous dispersion of the silica in the polymer matrix.
AFM (atomic force microscopy) is an effective tool to characterize ststionary phase support by providing the morphological information. The AFM consists of a sharp tip (10-20 nm diameter) attached to a stiff cantilever. The tip is brought close to the surface, and the sample is scanned beneath the tip. The tip moves in response to tip-surface interactions, and this movement is measured by focusing a laser beam onto the back of the cantilever and detecting the position of the reflected beam with a photodiode. Different modes of operation can be used [84] .
The presence of a chemically bonded phase changes the physico-chemical or chromatographic properties of the support surface, such as the free surface energy. The free surface energy of the packing significantly influences the nature and magnitude of adsorption, which can be characterized by the wetting heat. On the molecular level, wetting is influenced by chain-chain, chain-eluent, and residual silanols-eluent interactions, and some energy is evolved during these interactions. We measured the heats of wetting of various solvents using microcalorimetry [85] . Knowing the changes in the phase and the heats of wetting makes it possible to characterize the surface of the silica before and after modification. Surface wettability helps to define the conformation of chemically bonded phases and to predict solvent penetration into the stationary phase, because it depends on the organization of the brush-type ligands.
Spectroscopic methods. Fluorescence. X-ray fluorescence for depth analysis and X-ray photoelectron spectroscopy for surface analysis was used to characterize adsorbents [86] . Comparing the results of the two techniques gives a picture of the differences between the inner pore network and the outer particle surface.
It is suggested that three types of fluorescent ligands chemically bond to the silica support: those located inside micropores or surrounding the alkyl chains where the solvent molecules cannot penetrate between moieties, those "open" for solvent molecules, and those relatively accessible for solvent molecules but bonded with silanols present on the surface [87] . The type of ligand and the composition of the mobile phase control the polarity of the stationary phase. Several researchers adapted the fluorescence characteristic of pyrene (chemically bound on the surface of the silica support and adsorbed) to investigate the polarity of alkyl-modified surfaces of reversed-phase packings and how polarity depends on the composition of the surrounding mobile phase [88] . The timedependent luminescence of the variable surface concentration of bound pyrene on silica can be used to investigate the distribution of the bound molecules and their organization in contact with different solvents. Bogar used the formation of pyrene excimers to study the lateral diffusion of solutes in a C 18 bonded phase [89] .
Fourier transform infrared (FTIR). In early applications, the main goal of this technique was to prove the existence of bonded ligands on the support surface. [1, 90] assigned characteristic absorption bands to the specific ligand functionalities. As the methods were developed and improved, the kinetics of modification and dynamics of bonded ligands were investigated [91, 92] . FTIR with signal averaging overcame the problems connected with high absorption of IR radiation by silica gel [30] . Note that the particle diameter of the chromatographic substrate is similar to the wavelength of IR radiation, and the signal of interest can be superimposed on a background signal. This problem can be eliminated by careful subtraction and baseline linearization, as suggested by [30] , who compared the spectra of C 1 -C 22 bonded phases with those of the corresponding chlorosilanes [92] . They observed that the all trans form is the most ordered state for alkyl chain conformation. The end gauche conformer is a little less ordered, but it gives rise to a transition band at ν = 1341 cm -1 . The gauche-gauche conformation with a nearly 90° band in the alkyl chain provides the absorption band at ν = 1350 cm -1 . The kink conformer (ν = 1367 cm -1 ) has parallel but laterally displaced segments. In addition to alkyl-bonded phases, FTIR can be used to characterize phases containing other ligands (cholesterolic, alkylamide, etc. [4, 94] ).
Photoacoustic spectroscopy (PAS) was used for the first time as a complementary technique to FTIR to investigate highly light-scattered samples of bare and modified silica [95] . PAS is suitable for measuring high-resolution spectra of solid-liquid slurries, which greatly facilitates studying the bonded phases in a mobile-like phase [30] .
Nuclear magnetic resonance (NMR). In the beginning, there were problems with line broadening caused by the mobility of bonded ligands, chemical shift anisotropy, carbon-proton dipolar interactions, and long spin lattice relaxation times. MAS at rates >10000 Hz, cross-polarization (CP), high-power enhanced sensitivity, and resolution of solid-state measurements overcame these difficulties [96] . Thanks to CP, proton magnetization is transferred during a distinct contact time to diluted heteronuclei, such as 29 Si or 13 C. The presence of a rigid system and attached protons leads to an effective magnetization transfer and high signal intensities. At a longer contact time, more flexible moieties of the stationary phase are polarized, and variations of contact time can be used to investigate the dynamic properties of adsorbents [25] . 13 C CP/MAS NMR also provides useful information about the surface structure of chemically bonded ligand [4] .
In some of the first work in this area, Maciel and Sindorf used 29 Si CP/MAS NMR to obtain the signals characteristic for various features of the silica structure [98] . Isolated silanols were identified at δ = -99.8 ppm, siloxane silanols at δ = -109.3 ppm, and germinal silanols at δ = -90.6 ppm. When new stationary phases are synthesized, suspended-state and 2-D NMR are used to observe the dynamics of chemically bonded ligands, which are influenced by the composition of mobile phase and the temperature [25] .
Characterizing stationary phases by elemental, thermal, microcalorimetric analysis, as well as by all the spectroscopic methods, has one disadvantage. Usage of those techniques requires the destruction of the chromatographic column in order to get to chemically modified support. To avoid damaging the column, chromatographic methods can be applied. Chromatographic tests evaluate quality and analytical suitability on the basis of intermolecular interactions between the analyte, the stationary phase, and the mobile phase, so that any test based on retention characterizes not just the chromatographic column but the entire chromatographic system.
Full stationary phases characterization allows for their classification proposed, for instance, by Unger [99] . He distinguished phases with monolayer structuremonomers, obtained by means of a monofunctional modifier (F = 1), polymers (F = 1-3) or those with sandwich structure, where the bed is formed as the result of multistage polymerization, and then modified. The latest solutions are oriented at the preparation of packings with the so-called diffusion barrier (e.g., polar units are built into the hydrophobic chain), or various kinds of mixed phases containing different specific functional groups [100] .
Chromatographic methods. The alkyl chain length, bonding density, attachment chemistry, heterogeneity of the silica, solute structure, temperature, and concentration of organic modifier in the mobile phase all have significant influence on the folded or extended configuration of chemically immobilized chains and chromatographic properties of stationary phases [26, 30, 94] . Knox and Bristow did the first basic work when they used a mixture of components with ideal thermodynamic behavior to test the kinetic properties of HPLC columns [101] . Later, many tests based on empirical, statistical, and thermodynamic methods were proposed [102] . Table 2 highlights the physicochemical characterization of adsorbents for HPLC and related techniques.
Generally, any test based on chromatographic retention characterizes not just the chromatographic column but also the entire chromatographic system, which includes the mobile phase. Tests of HPLC column properties can be normalized to cover a wide range of mobile-phase compositions. Mobile phases with < 10-20% acetonitrile, methanol, or even pure water (possibly with some inorganic salts added) can be used to suppress the effect of an organic modifier on column behavior and enhance the differences between individual columns, particularly residual silanol group activity. HPLC columns were evaluated for basic compounds by using a set of analytes (nortriptyline, nicotine, amphetamine, pyridine, benzylamine, codeine, quinine, procainamide, and diphenhydramine) that have varying structures and pK a values [103] . Retention factors, column efficiency, and the asymmetry factors were measured with the organic modifiers methanol, acetonitrile, and tetrahydrofuran at pH 3.0 and neutral pH. Berek applied macromolecular probes (polymers) to investigate silanophilic interactions and the extent to which the probes can penetrate the bonded ligands [104] . Retention of polymer probes on C 18 packings is caused by partitioning (hydrophobic interactions) rather than by adsorption (silanophilic interactions).
Kaliszan et al. used quantitative structure-retention relationships (QSRRs) to deliver information about how an analyte's retention depends on its structure [1, 4, 105, 106] . This theory is based on the linear free energy relationship and the equations log k w = log ksφ (16) in which k is the retention factor, k w is the retention factor extrapolated to pure water as the mobile phase, and φ is the percentage of organic modifier in the mobile phase, and
in which R 2 is the excess molar refraction, π H 2 is the solute dipolarity and polarizability, α H 2 is the solute overall hydrogen bond acidity, β H 2 is the hydrogen bond basicity, and V x is the solute characteristic volume [107, 108] . The constants c, r, p, a, b, and v reflect the corresponding properties of the HPLC system under consideration. The three basic correlations for well-defined test analytes are log k = f (log P) in which log P is the logarithm of the noctanol/water partition coefficient; log k = f (R 2 , π H 2 , α H 2 , β H 2 , V x ), which is retention versus solvatochromic parameters; and log k = f (δ min , µ 2 , SAS), which is retention versus structural descriptors obtained by molecular modeling in which δ min is the highest atomic access charged in the molecule, µ is the dipole moment, and SAS is the solvent accessible molecular surface area. QSRR enables retention mechanisms to be investigated; retention behavior to be predicted; and new, dedicated stationary phases to be designed.
The manufacturers rarely reveal details on the, often proprietary, manufacturing procedures of the columns. Due to various support materials and modifications of the bonded phase chemistry, including a new generation of phases prepared either to avoid or to support secondary retention interactions, great differences exist between various commercially available stationary phases for liquid chromatography [109, 110] .
The physico-chemical properties of the bulk support and chemically modified packing materials and various aspects of the performance of packed or monolithic columns can be characterized using a variety of mentioned methods and reviewed [111] , including elemental analysis (determination of the carbon load) [21, 26, 112, 113] , specific surface area (nitrogen adsorption) [63] , pore accessibility (small-angle low-energy neutron scattering) [114] , pore structure (scanning and transmission electron microscopy) [115] , and pore size distribution (mercury porosimetry with dry bulk materials or inversed sizeexclusion chromatography with columns) measurements. 13 C and 29 Si solid-state cross polarization magic angle spinning (CP/MAS) NMR spectroscopy [25, [116] [117] [118] [119] or Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectroscopy [120] , photoacoustic spectroscopy [121] , X-ray fluorescence or X-ray photoelectron spectroscopy [86, 122] , differential scanning calorimetry, or adiabatic calorimetry [68, 123] provide valuable information on ligand attachment to substrate surfaces, ligand density, and conformation.
CHEMICALLY BONDED STATIONARY PHASE
Stationary phase parameters. Packings with chemically bonded stationary phase are obtained by substitution reactions between modifiers and accessible silanol groups localized on the support surface. As a consequence, stable covalent bonds are formed [26, 99, 124] . Various porous adsorbents, such as silica gel [125] [126] [127] , porous glass [128, 129] , porous polymers [129, 130] , alumina, titania, and zirconia [99, 131] , are used as supports for chemically bonded stationary phase. Mono-, di-, and trifunctional chlorosilanes are frequently employed for surface modification [125, 132] . Unfortunately, these conventional modifiers often do not give reproducible packings with a high coverage density because the reaction by-products (methanol and/or ethanol as well as HCl) efficiently block unreacted silanols and further modification is impossible [125, 133, 134] . Retention is a process of solute transfer from mobile phase onto/into stationary phase. Chromatographic separation occurs because of the differences in the affinities of solute molecules for the stationary phase (Table 3) .
There are several methods of adsorbent surface chemical modification. The first comprises hydro-silylation of silicon atoms incorporated in siloxane bonds [99] . The second, more traditional, method proposes chemical bonding of various organosilanes with active groups such as metoxy-, etoxy-, amino-or chloro- [28, 63, 99] . The most popular are monomer-and polymer-type stationary phases ( Figure 10 Height equivalent to a theoretical plate H = L/N (mm)
Reduced plate height h = H/dp (dp, particle diameter)
Linear velocity of eluent u = L/t 0 (mm/s) Column capacity ratio k = (tR -t0)/t0
Retention ratio R F = t 0 /t R = 1/1 + k Performance index π = N 2 /(t R ∆p)
Knox-Parcher ratio I = d c 2 /Ldp (d c , column bore) Huge evolution in column testing and characterization and the precise control of the modification process permit the design of new, intelligent stationary phases ( Figure 10 ). Traditional hydrophobic stationary phases are popular and useful, but the new challenges of analytical chemistry require more selective materials. Recently, materials with a diffusion barrier (e.g. polar groups in hydrophobic chains) and mixed phases containing various functional groups have become the newest solutions. Such stationary phases are derivatives of amino materials and are used for chromatographic separation, but also as specific support for bonding biological compounds like cholesterol and phospholipids [3] [4] [5] [6] . Different kinds of silica gels are frequently used for the preparation of chemically bonded stationary phases. Various factors such porosity, type, and concentration of silanol groups and the surface purity, significantly influence processes connected with surface modification and formation of chemically bonded stationary phases. Pore volume (V p ), pore diameter (D), and pore shape (τ) determine the specific surface area (S BET ), and, indirectly, often also the coverage density (α RP ). These factors determine the reproducibility of chromatographic data, and the large number of these factors is why there are a lot of methods for characterizing columns. Obviously, no ideal single technique can characterize all the properties of various packings.
Kinetic and thermodynamic properties of the chemically bonded stationary phase surface could be characterized by the dynamic gas-solid chromatographic (GSC) technique [61, 62] . The physico-chemical measurements by GSC could be used to obtain the breakthrough volumes, the adsorption isotherms, equation of state, to interpret the mechanism of intermolecular interactions [135] , to study the heterogeneity of the surface [136] . Evaluation of the sorbent characteristics and the suitability of a sorbent to trap compounds are usually focused on calculation of the specific retention volumes, adsorption coefficient, and equilibrium sorption capacities.
Analyte varieties and retention mechanisms based on hydrophobic, hydrophilic, size exclusion and ion-pairing interactions resulted in many specific and selective chromatographic columns, but no ideal one [6] . The selection of a proper column for solving a separation problem is sometimes very difficult. The column quality depends on: (i) homogeneity of particle packing in the column bed; and (ii) homogeneity of the chemically bonded stationary phase surface. High quality and physico-chemical properties of the supports and substrates are necessary for reproducible synthesis of new packing and homogenous arrangement of chemically bonded ligands [2] . Sometimes data analysis is impossible, because even nominally identical columns show different chromatographic properties [137, 138] . There is no ideal and no one uniform procedure for column evaluation and selection. Many tests for the determinination of quality of HPLC columns have been described in the literature [102, 110, 139] . All are based on statistical, empirical and thermodynamics methods. Porous structure of chromatographic supports. Depending on the porous structure of the silica matrix, two types of materials exist. A globular structure is characteristic for the narrow pore silica gel and a sponge-like structure is typical for macroporous and gigaporous silica gels, as well as for the porous glass, commonly used as a support in affinity chromatography [28, 126, 129] . Thermal and chemical treatment of a matrix creates new adsorption sites on the porous glass surface [140, 141] . These sites are energetically richer than silanol sites, leading to a very high coverage density in the course of chemical modification of porous glass with chlorosilanes [142Z]. Differences in the skeleton structure also lead to differences in the shapes of the pores of silica gel and porous glass ( Figure 12 ). Optimization of the technological process leads to materials with controlled porosity [125] . The porous structure of the support may co-determine surface heterogeneity [129] . From the chromatographic point of view a cylindrical pore shape is preferred. The theoretically optimal support for the preparation of packings with chemically bonded phase should have the following values: pore diameter (D) = 12 ± 0.5 nm, pore volume (V p ) = 1.2 ± 0.1 cm 3 /g, and specific surface area (S BET ) = 320 ± 20 m 2 /g [28] .
CONCLUSIONS
The features of the more important characterisation techniques are described in this paper. As is evident from this review, there is no technique which is universally applicable for the characterisation of the porous properties of all materials. The choice is made on the basis of many criteria, such as the range of pore size, the nature of the material and its form, together with the application envisaged. Frequently, more than one technique is required in a detailed examination. In the case of chromatographic surface, particular problems are encountered because of their form and the small quantity of active material involved. Furthermore, other complexities arise in the case of microporosity, although, as we have noted here, currently this is an area of active progress. This involves the development of new techniques and advances in phenomenological theories to describe the properties of such nanostructured supported materials. 
